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STUDY OF PROBLEMS OF TAKEOFF OF A SPACECRAPT
FROM THE SURFACE OF MARS

V.N. Borovenko and Z.I. Rumynskaya

In works [1, 2] problems of the takeoff of a spacecraft from /836%
the surface of Mars are discussed in connection with the develop-
ment of flights to this planet. A characteristic of these works
is the discussion of one-stage injection into low circular or
elliptical orbits. In this work a more general approach is given
to the analysis of conditions of takeoff of a spacecraft from the

surface of Mars.

A dimensionless system of equations of motion is proposed,
which, by means of generalized dimgnsionless coefficients of
similitude, allows an analysis of the takeoff of spaceships from

planets to be made.

Problems of the choice of trajectories of takeoff of a
spaceship into various elliptical or hyperbolic orbits are dis—
cussed, and the ballistic parameters of a flight vehicle are
determined. An optimum program for injection of a two-stage
spacecraft 1s approximately formulated. An analysis of the
design-ballistic parameters of the spacecraft 1s made from the
point of view of the maximum relative to the payload for the

piecewlise linear program of pitching.

The surface nature of the critical function in a multidimen-—
sional problem on a plane of the control parameters for a linear
pitching program is shown.

1. Posing the Problem

We shall discuss a two-stage spacecraft with a liquid-fuel

*
Numbers in the margin indicate pagination in the foreign text.



rocket engilne, making a takeoff from the surface of Mars into the
prescribed Kepler orbit. It is proposed that the field of gravi-
tation of the non-revolving planet is central Newtonian. The
atmosphere of the planet was accepted as homogeneous isothermic,
with the average amounts of its parameters [3] as follows: p, =
1.3 » 10°° g/cm®, B = 0.09 kxm ', where p, is the density of the
atmosphere near the surface of Mars; B is the sign of the exponent

in the law of change in density with altitude.

The thrust of the englines is limited; the mass of the space-
craft in the active sector of the trajectory changes according to
an arbitrary law. The aerodynamic coefficients CXO and Cya are

considered given.

The equations of motion of the spacecraft may be written in
the form [4]7:

where v is the velocity vector of motion; r 1s the radius vector
of the spacecraft in the adopted system of cocrdinates; m and mSec
are the mass of the spacecraft and its flow rate; R and P are the
resultant of all external forces and the thrust force of the en-

gines respectively.

We transform the eguations of motion (1) to dimensionless
variables v = v/c, * = /Ry, 1 = G/Gu’ where ¢ is the veloclty
of gas effluxes from the nozzle of the engines, RG is the radius
of the planet, T is the dimensionless flight time representing
the ratioc of the current weight of the burnt-out fuel Gf to the
starting weight of the stage of the spacecraft, Gy.

Projecting equations (1) onto the axes of the starting /837
syatem of ccordinates and transferring from a derivative with

respect to time to a derivative with respect to 1, we obtaln:
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- where X, ¥ is the dimen51onless dlstance and altitude of flight
reckoned in the starting system of coordlnates, T is. the dlmen—

81onless local flight altitude; 9 is the angle between theKVe1001ty

vector and the axis O0X of the starting system of coordinates; o
is the attack angle of the spacecraft; p is the contrel of the
engine thrust. ' ‘

The system of equations of motion (2) obtained is a function

of five coefficients of similitude.
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_ The scheme for ipjecting'the spacecraft into elliptica}_orbits
is shown in Fig. 1, |
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The altitude of the apoéenternsdjof the transitional ellipse
coincides with the amount necessary'}ar final orbit, while the
-altitudé of the pericenter h* is chosen in the process of optimi-
zation. The desgired elliptical orbit into which the injection
"of the spacecraft 1s consrderedls ‘determined by the altitude of

the apocenter h and the altltude of the pericenter hy

‘The transition of the spacecraft into hyperbolice trajéctbries
,of takeoff 1s studled indirectly from the trajectory of injection. For
<thls thehyperbollc orbit 1s prescribed only by the value of_mhe

jve1001ty at infinity v#.

In accordance with the adopted scheme for injection of the
parameter of the trajectory at the end of the sector of injection,
we choose from the condition of the maximum-of the Y :7#3

payload® &, which is being put into orbit.

The veloczty at the end of the sect10ncﬁ‘1n3ect1&w1must satlsfy

the condition:
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where T is the gravitational constant of Mars; ?k is the planeto-
centric distance at the moment of completion of the active:-legi

H is the constant integral of energy df Kepler motion.
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is the increase in veloclty necessary , o - /838
Tor overcomlng resistance in passive flight 1n the 11m1t5 of ff

the atmosphere; h _1s the altitude of the boundary of the atmo—'
- sphere of Mars; ﬂ is the angle between the ‘initial and: current X

- radius wvectors of the spacecraft, Ths is the dimensionless perlod
of work of the engine of the first stage.

In injection intc elliptical orbits in fhe apocenter of the .
‘transitional ellipse, an impulse AV 2 is given, which is necessary
for increasing the altitude of the perlcenter of the elllpse from

h* . the required amount of h

-
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The impulses AV, and AV. increase 7y , which determines the
relative payload put into orbit. '



In injection into hyperbolic orbits AV, = 0sat the ‘erd i

of the actiye§:£§g£ﬁ~bey0nd‘the bounds of the atmosphere AV, = 0.

Thus,- the following problem is’ posed: 1in the class of

. ——-——-—-—____ — A D

e L.
..plecewise- contlnuous control functlons, ‘—4ﬂ> m(ﬂ<%d2,0<p(ﬂ<:ﬂ
s

and of ballistic parameters of the spacecraft ﬂm,mnrn,/F
which satlisfy the boundary condltlons,of“the problem, to find
gfunctlons and parameters such that
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This problem belongs to the class of varlatlonal problems. We
‘will solve it by direct methods of optlmlzatlon

2. Selection of the Ballistic Parameters.of a'Spaéecraft

As 1s shown in [2], the optimsl'program of pitching in
1n3ection into orbit . of a satellite of Mars is nearly -

%pleeewise—llnear “We shall study the solutlon oT _problem (8) lfjm;
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Furthermore, We‘%i%%@%ﬂp(T)

In formula (9)\we de51gnated T AiS,the length of the B

o=

vertical sector. of the tragectory,._f,g1 is the. duration of work .of

the_flrst stage; fm'ls the final angle of pltchlng of the first



stage of the spacecraft; ¢, is the angular rotation Velocity of the’

longitudinal axis of the second stage. We shall determine the
amount of relative payload by the expression:

= I-I (I — (1 - @) Tu— yimy), / (11)
: i=1 ' * B

where ay are the welght coefficients of the structure;:ﬁk are the

specific weights of the engines of the spacecraft. -

.The amounts of these coefficients are determined by the
parameters of the spacecraft nu, rm/
the type of fuel {5].

- and they also depend on

Taking into consideration the free constants of the control
law and ‘the parameters 6f the Spacecraft, the relative payload ~

put into Keplerian orbit is a function of five parameters:

E':(T““ﬁ"“ 'q}*h Rozy q;zf)f : ' N (12)

“We. will surVey-the influence of these parameters on the
amount of felative payload when the spacecraft is put into ellip-
tical orbit with h, = 1,000 km, hg|= 14,800 km.

'In Fig. 2 sectlons ofvthe surface G‘(Ppruhqhun@,m{ﬂ
with lines of equal .level are presented. With thils, on the
fields of isolines the parameters of the program of pitching
ng and @J[ were'placéd, while the ballistic parameters of the
spacecraft for every point of the surface qu@\ were taken as
optimal in the sense of (8). .
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The amounts of the coefficients of similjﬁﬂ&éﬁ(B), introduced
into the calculation, correspond to' a’spacecraft, the data on |
which were presented in the artlcle [1] T Fig. 2. shows. that.. the . _ |
dependence of the amount of relative payload T on the parameters
of the spacecraft and the program of pitching is very complex.

This characteristic of the problem does not allow reliable results
to be obtained by simple gradient methods of search for the

_extremum of a functlon of‘several varleblesm K

More effective in solving the problem of optimization of
parameters of a spacecraft according to the maximum of relative

payload was the method of "gullies" [6].

_ In Fig. 3 the parameters of the trajectory of takeoff with
an optimal distribution of parameters of the spacecraft are :
shown. The flight altitude in the process of injection has a
‘maximum at the beginning of the work of the second stage, and
then it decreases. It is known that this effect takes place also
~in Injection of a spacecraft from the surface of the earth, but

more weakly.
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Results of the calculationé of the optimai parameters of the
spacecraft in takeoff into elliptical-orbits with hy ='1,000 km
and n&7= 1,000-30,000 km are presented in Fig. 4. '

{ ' . l L—0.55
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An analysis of the surface'G‘%ﬁ;;%hy@:hégﬁfﬁfiﬁ P
injection into hyperbolic trajectories of the prescribed ehergy

is of interest. A characteristic of these trajectories is the

absence of an impulse AV..



Sections of the surface G (T, o Bus Mo 92} with

1solines plotted onto the surface of the parametéfs of the program

oft pitching'ag@?ﬁf with optimal amounts of parameters of the
spacecraft ,wnMmfwd are shown in Fig. 5.
, Hyperbola V 20km/sec
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The results obtained indicéfe the'présenge‘of two classes of
optimagl trajectories of injectilon into'Hyperbolic trajectories.
. 'The optimum located in the region ~fﬂﬁ; 0.2, g'=—0,9, ] corresponds
to'lncllneg trajectories of iﬁjgﬁfion whlle th@ optimum, located N
in the reglon 4?M=ﬂ/4:\ m:fQL _?corresponds to the vertlcal trajec-
tories of injection. " Vertical injection is more desirable than
inclined trajecﬁion. The optimal parameters of.the spacecraft, /641
corresponding to two classes of optimal trajectories of injection
into hyperbolié trajectory with $%1=A2 km/sec, are presented in
the table

PR

l_ elass of\ th o ! LT E . [ Veher :

t-/uptimum - ‘ km/sec {

& ‘ 4 .! —02 '-—Qs l 06 24 05 . | 6.0405 l 626 -
. 2 a/2 06 6,0 40 | 00530 582 ¢

" In Fig. 6 the dependencies of the cptimal parameters of the
apacecraft on the amounts of V£5= 0-3 km/sec, correspcnding to

various hyperbolic trajectories of takeoff in class 1, are given.
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- REMARKS

1.. As is seen frdm'FigS- 2 and 5, the véiﬁéé:%of'ﬂ in the

—_— -

Vregion of the optimum change 11tt1e in a variation in. the_para-. .

" meters of the program, of pitching in a certaln range. An even
weaker change of the relatlve payload takes place with a change
in the thrust-to-weight ratlo of the stages . This permits the

— e o

parameters of the Spacecraft to vary. w1th1n a certain range of |

L Values _without changing the values of criterlon _of cualltv G.“____

2. In selectioh of the optimal parameters of the spaeecraft'
in the problem, limitations on the Size of the angie ofizhnl
attack were not. introduced An analysis of the results obtained
shows that the angles of attack at fllght speeds close to that of.
sound in optimal trajecfories are within the limits of from -5

to =7°. In addition, the velocity head does not exceed 80 kg/m? .

11



In separation of the stages, the angles of attack go up to -30°,
but this takes place practically beyond the bounds of the atmo-
sphere. Thus, the optimal trajectories of injection may be .

realized,.

The authors thank V. A, Yegorov for appraising this work and

ffor a number of valuable observations.
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